INTRODUCTION
Predicting the increase in soil resistance at the time of driving (SRD) during delays is a critical design consideration for offshore pile installation projects. During pile installation, driving often has to be stopped and re-started, for various reasons such as changes of cushion or hammer, or the addition of a follower. Such delays typically last from a few hours up to a few days. At the design stage, it is necessary to estimate both the SRD during continuous driving and also the amount of setup that may occur during delays, to ensure that the hammers taken offshore are sufficient to meet all eventualities.
There is widespread evidence to show that the capacity of most driven piles increases with time after driving. 1 Extensive research has been carried out for three decades with the aim of developing a reliable method for predicting the set-up of offshore piles. 2 However, the database of reported case histories in the public domain that are generally used for validation of these methods consists mainly of small-diameter piles driven at onshore sites. Controlled laboratory experiments and instrumented pile data are also available, but these also tend to be full-displacement small-diameter piles, installed into idealised soil conditions, such as, for example, the Imperial College instrumented pile, 3 which is 102 mm in diameter and 6 m long, or the 270 mm square concrete piles of 23 m length reviewed by Axelsson. 1 A summary of some previous research can be found in Chow 4 and Axelsson. 1 In contrast, this paper presents data on the short-term (up to 100 h) set-up of large-diameter open-ended steel pipe piles driven in the North Sea. The piles considered are open-ended steel pipe piles driven to penetrations of between 17 m and 50 m into very dense overconsolidated sands and clays having undrained strengths varying from 250 kPa to 800 kPa. The main focus of the paper is to analyse the driving records to give an indication of the changes in soil resistance during driving after short delays.
REVIEW OF THE LITERATURE
The most widely accepted approach to estimating changes in soil/pile interface friction with time is based on considering the pile installation as a cavity expansion followed by consolidation. 1, 5 The use of this approach allows an estimate to be made of the changes in total and effective stress with time after driving, as the excess pore water pressures generated during pile driving dissipate. In such analyses, the increase in radial stress on a pile shaft (which leads to long-term set-up) is directly proportional to the stiffness (shear modulus) of the soil and the soil/shaft interface dilation.
There are some reported case histories 6, 7 of set-down for piles driven in dilative, dense to very dense saturated fine sands and fine silty sands, and in shale/sandstone/mudstone materials.
There are also studies that show that a time-dependent increase in static pile capacity continues even after the dissipation of any excess pore water pressures. 1, 4, 8 This affects the long-term pile capacity, and is termed soil ageing, defined as changes in the soil properties due to the passage of time but at a constant effective stress.
Empirical relationships have been proposed for quantifying setup, as presented in Table 1 . As noted above, set-up is dependent primarily on three mechanisms or physical processes: consolidation, stress relaxation and soil ageing. Theoretically, all these mechanisms/processes start acting as soon as the pile penetrates the ground. It is, however, still uncertain which of the above dominate in a particular soil condition, how long each process continues, and what contribution each component makes to the observed overall set-up. This has been an active area of research.
ANALYSIS OF SET-UP FOR DRIVEN PILES

Method of analysis
The best method of obtaining data on the pile-soil frictional and end resistance during driving is to have a fully instrumented pile, and to analyse the stress wave passing into and reflecting back up the pile. 13 However, although this practice is relatively common on land projects, the huge expense means that it is unusual for piles driven in the North Sea to be fully instrumented, and, indeed, none of the cases considered here had such instrumentation. Estimates of the soil resistance during pile installation are therefore generally based on blowcount-depth observations together with hammer performance data, such as the ram fall height or impact velocity, and the condition of the cushion and anvil. This is done using an in-house program based on the wave equation theory suggested by Smith. 14 The next section describes the methodology behind the program.
SRD from pile-driving record
The original pile-driving records are examined, and the driving system of pile, hammer and soil when the ram of the hammer hits the pile is analysed. It is assumed that, from the moment of impact, the ram starts to transmit its energy to the pile cap and pile head, and an energy wave starts to travel through the pile at high velocity. The wave is assumed to be one-dimensional, acting longitudinally down the pile axis. The amplitude of the wave depends on the energy transmitted. Owing to the energy losses in the whole system of hammer, pile and soil, the amplitude of the wave decreases as it travels down. If sufficient energy is left once the wave has reached the pile tip, the pile starts to penetrate into the soil. As soon as all the energy is consumed, the pile stops penetrating and permanent set is reached. This set for one blow is computed by the program. This is an iterative process, and the program needs an initial guess at SRD. Usually, the static bearing capacity data is used to determine the initial guess at SRD. In the subsequent steps SRD is varied, while all the remaining pile and hammer parameters are held constant, and the corresponding permanent sets are computed. When the permanent sets thus obtained are plotted against the corresponding SRD, a blowcount resistance curve is obtained. A blowcount resistance curve shows the relation between blowcounts and SRD for specific pile, hammer and soil conditions. These graphs are then compared with the observed pile-driving behaviour. Iterations are continued by adjusting the soil parameters until a match is obtained with observed blowcount, for a given hammer energy. Figure 1 shows the algorithm of the wave equation program.
The soil resistance during driving is increased from the 'static' resistance, SRD s , that would be obtained during slow loading, owing to the rapid rate of loading. The dynamic resistance, SRD d , is a function of the pile wall speed during the passage of the compression wave down the pile. The following equation is generally used to define the static and dynamic resistance to pile-driving.
where the damping coefficient J (s/m) and the exponent n are defined for the particular soil type, and v is the pile wall speed (m/s). The latter is typically 2-4 m/s during the driving of offshore piles, and is not the same as the stress wave transmission speed, which is of the order of 5120 m/s in steel. Fugro has monitored fully instrumented piles offshore and also monitors onshore piles on a routine basis, and therefore has back-figured values for the parameters J and n, which are consistent with observations made for many hundreds of onshore piles. 13, 14 Typical values for these parameters are presented in Table 2 .
Based on the information presented in Table 2 , there is therefore some uniformity between authors in the method used The considerations for making the same estimates for piles in layered soils are given below.
Set-up in layered soils
When analysing the set-up that occurs during a break in pile driving, it is generally assumed that the set-up occurs purely on the frictional component of resistance in the clay strata. The standard assumption is that in sand strata any (positive or negative) pore pressures generated will dissipate as the pile is penetrating, so that no significant set-up or set-down in sand friction will occur during delays. On this assumption, the main part of the set-up has been assumed to be the result of pore pressure dissipation in the clay strata at each site.
The increase in SRD in the clay strata is estimated by taking away that part of the SRD due to friction in sand strata and pile end resistance from the back-figured SRD immediately before and immediately following the delay. The friction in sand can be calculated using published procedures. 18, 19 The end resistance in clay is calculated using cone resistance data. 20 The preceding paragraphs have described the normal method of analysis in layered soils, but it is clear that the above assumptions will tend to increase the amount of set-up calculated in the clay strata, since all of the increase is assumed to occur in these strata. It will also tend to increase the uncertainty of the prediction, since the SRD in the clay strata is dependent on a correct assessment of the frictional resistance in the sand strata, on the zero set-up assumption for the sand strata, and also on assessment of the pile end resistance, which in turn depends on whether the pile is driving plugged or unplugged. Given these uncertainties, there is therefore some argument for using the observations to assess set-up for an overconsolidated site on a total soil resistance basis, since many of the uncertainties are removed, and the data analysed then relate directly to how hard the pile will be to drive on restarting.
It is of interest in this context that Long et al., 21 who studied 29 cases of pile capacity change in mixed soils, state that the data indicated that the time-dependent increase in capacity for piles in mixed-soil profiles was similar to the increases seen for piles driven in clay, despite their theoretical conclusion that the magnitude of the increase in mixed-soil profiles would be expected to be related primarily to the proportion of clay soil in the profile. This also indicates that it may be appropriate to estimate set-up in overall terms, rather than try to separate out the frictional clay component, with all the associated uncertainties of doing this.
There are therefore theoretical and practical reasons for adopting either the total SRD or the clay frictional SRD approach when estimating set-up. An example of the difference in results that can be calculated by the two approaches is given below.
A typical example
This methodology of analysis of the pile-driving records is illustrated using one example highlighted in Table 3 . Figure 2 shows a typical SRD record from the Beatrice DAA Jacket installation at the A3 leg position. The figure shows the SRD (MN) plotted against the pile tip penetration depth below mudline. At about 36 . 5 m pile tip penetration the driving had to be stopped, and was restarted after a delay of 46 h. The total SRD estimated before the delay was 16 MN, and after the delay was 32 MN. Thus there was a 100% increase in the total SRD. Necessary adjustments for hammer performance before and after the delay were made, based on notes provided by the piledriving personnel. Information about the soil conditions was obtained by studying the data from the borehole location nearest to the pile. Table 4 (second row) shows the relevant soil profile. The frictional SRD in the clay strata before the delay was calculated as 7 . 5 MN, and after the delay as 23 . 5 MN (7 . 5 MN + 16 MN increase). Thus there was a 213% increase in the calculated frictional SRD in the clay strata.
ANALYSIS OF NORTH SEA DATA
General
A database containing 53 pile-driving records at various sites was collected from Fugro archives. The details are presented in Table 3 , where the following parameters are tabulated Table 4 presents the soil profile at the sites together with the dimensions of the piles and the date of installation. An idealised soil profile for each of the sites is shown in Figure 4 . It is considered that the piles in the offshore locations were driven unplugged. The data indicate the effect of delays in pile driving for the following two cases. Table 3 . Pile-driving records (a) pile-tip penetrations at the start of the delay between 35 m and 50 m (referred to as deeper pile penetration) (b) pile-tip penetrations at the start of the delay between 17 . 0 m and 24 m (referred to as lesser pile penetration).
Soil type
Friction Toe (point) References J: s/m n J : s/m n Sand 0
Beatrice PAA site: deeper pile penetrations
The data for the Beatrice field PAA jacket for delays at 36 . 5 m to 49 m are summarised in the first 14 rows in Table 3 , and are also plotted in Figure 5 . The data are for similar piles at similar pile tip elevations. The spatial variation of the piles used in this study is 60-70 m. In the figure, the percentage increase in SRD is plotted against the length of delay. The maximum delay is 100 h.
Overall, the data show a general increasing trend of set-up with time, although piles A1 and A2 appear to be out of line with the other results. The probable reasons for this are considered to be as follows.
(a) For pile A1, the field data show an increasing trend of s u with depth at pile tip penetration of 37 . 5 m. The ordinate of the A1 point is derived from the SRD data before and after the delay. It is considered that some of the SRD increase may be related to the increase in shear strength with depth. (b) For pile A2, a new wooden cushion was added during the delay, which would be expected to have made the subsequent driving more efficient. The apparent net reduction in SRD may therefore have been due to a significant increase in overall driving efficiency. Table 4 . Soil profile at the sites similar format to those proposed by various researchers, as discussed in earlier sections.
where˜is the percentage increase in SRD, t is the delay time (h), and t 0 is the normalisation time, which is taken as 1 h.
At t ¼ 24 h,˜¼ 12 . 7log e (25) ¼ 41%. The set-up after a one-day delay therefore results in about a 40% increase in resistance.
Beatrice DAA site: deeper pile penetration
The data for the Beatrice DAA jacket for delays at a penetration depth from 34 . 5 m to 50 . 0 m are summarised in rows 15-30 in Table 3 , and are also plotted in Figure 6 . In the figure, the percentage increase in SRD is plotted against the time of delay. The maximum length of delay is about 78 h, as summarised in Table 3 .
A review of the data indicated no specific reasons for the large deviation of piles A1 and A3 from the overall trend line. Overall, the data again show a generally increasing trend with time. Using the same terminology, equation (3) gives a reasonable fit to the data in Figure 5 .
At t ¼ 24 h,˜¼ 11 . 9log e (25) ¼ 38%.
The set-up after a one-day delay therefore results in an increase in soil resistance of about 40%. At this location two data points indicating set-down were observed at a mean depth of 44 m, both after 1 h delay. The calculated set-down was 5% and 15%.
Amethyst site: deeper pile penetration
The data for the Amethyst jacket are summarised in rows 31 to 34 of Table 3 for the driving delay at 35 m penetration, and the data are also plotted in Figure 7 . In this case the soil profile shows stiff clay at the pile tip, with an undrained strength of 250 kPa and several layers of dense sand above. In the figure, the percentage increase in SRD is plotted against the length of the driving delay. Unfortunately, in this case the maximum recorded length of delay is only 6 h 40 min. A logarithmic trend line has been fitted to the data by including an additional fictitious data point close to the origin of the graph in Figure 8 , and gives the following equation.
gives an increase, after 24 h, of 90%. However, with the small number of data points, the result is very much influenced by the high value of set-up calculated at 6 h 40 min, and may give an unconservative estimate when considering the effect of set-up on pile capacity. If this point is omitted, then the best-fit equation becomes
gives an estimated set-up, at 24 h, of about 60%.
Conclusions for delays at deeper pile penetrations
The above results are summarised in Figure 8 , and Equation 6 gives a reasonable fit to all the data. The least-square error minimisation technique is used for this curve-fitting. All results are very consistent in indicating that, for these piles, the set-up in hard clays for piles driven to deeper penetration depths, in the range of 35 . 0-50 . 0 m, are of the order of 40-60% after 24 h.
At t ¼ 24 h,˜¼ 13log e (25) ¼ 42%.
The set-up after a one-day delay therefore results in about a 42% increase in resistance. Figure 9 shows the data at different locations in the Beatrice field, where delays to driving occurred at shallower depths, in the range 17-27 m. These data are summarised for each location in Table 3 , in rows 35 to 53. The data show a trend of increasing set-up for increasing length of delay. From Figure 9 it can be seen that there is a wide scatter of data. However, overall it can be observed that the percentage increase in SRD is greater at these shallow depths than was observed for the 35-50 m penetrations reviewed for other jackets. This is despite the fact that the clay strata have similar undrained strengths, in the range 400-500 kPa. Because of the scatter, we have made an estimate of the lower-bound line to the data, and this has been included in the graph, and is described by the equatioñ
Effect of lesser pile penetrations
This lower-bound equation still gives an estimated set-up of about 60% after a 24 h delay. It may be observed that a greater proportion of the pile shaft is embedded in sand, and there will be possible effects of load-sharing between the shaft resistance and end-bearing in sand and clay layers. However, this paper does not address this issue, and the analysis is based on an 'overall' approach.
Reported short-term set-up in other North Sea clays
It is of interest to compare the results from the above data with results published by Durning et al. 22 for the Heather field in the North Sea. Figure 10 shows the set-up data plotted against the time delay in hours between drives. The set-up factor in the graph is defined as the ratio of the total SRD after the delay to that before the delay. Observed increases in offshore pile driving resistance Bhattacharya et al.
The site is covered with a thick, hard deposit of dark grey sandy silty clay underlain at depths of between 46 m and 49 m by a dense sand layer about 2 m thick. The calculated overconsolidation ratios (OCRs) are greater than 4 above 26 m, with the maximum value exceeding 20. The shear strength profile of the soil is shown in Figure 11 .
The piles were openended steel tubes 1 . 52 m in diameter and 64 mm thick. However, the penetration depth for these set-up points is not known. Figure 10 suggests that the long-term increase in SRD set-up may be about 20%, and that the increase in SRD is about 10% during delays of 24 h. However, there is a wide scatter for the initial 7 h. It is possible that the Heather piles drove plugged over significant lengths, leading to much longer set-up times than would be the case for piles that drive unplugged.
The log scale used for time in Figure 10 , means that an increase in resistance resulting from the theoretical exponential decay of excess pore pressure would plot as a straight line. It is therefore considered that the curve superimposed on the plot, indicating the increase in SRD of about 20%, may be conservative, although there are not enough data to make this absolutely clear. The soil in the Heather field can be best described as mixed soils. The above information may be useful in selecting the suite of hammers to be used when planning pile installation for North Sea projects. Observed increases in offshore pile driving resistance Bhattacharya et al.
